The reaction pathways for the prebiotic formation of nucleobases are complex and lead to the formation of mixture of products. In the past 50 years, there has been a concerted effort in identifying a unified mechanism for the abiotic origin of the biomolecules but with little success.
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Introduction
The origin of primitive RNA and DNA nucleobases from the interstellar space has often been investigated because the nucleobases, together with other small biomolecules, were identified in meteorite samples. 1, 2 These detections suggested that there are diverse sets of reactions taking place in extraterrestrial environments. As expected, such chemical transformations are extremely complex, and the primary origin of biomolecules either in the Early Earth or in interstellar media still remains an open question. 3 For example, adenine was detected in simulation experiments of Titan's aerosol (including N 2 , CH 4 , CO 2 and H 2 O) using X-ray irradiation. 4 These experiments using mixture of gases give tholins (a complex mixture of compounds) including nucleobases. Hydrogen cyanide (HCN) polymers have long been
proposed as constituents of the Titan's tholins. 5 HCN has also been detected in Titan atmosphere, 6, 7 cometary ices, 8 nebulae, 9 and molecular clouds. 10 HCN is a primary source for the three main elements required for the formation of DNA nucleobases in the interstellar regions.
Diaminomaleonitrile (DAMN), a stable tetramer of HCN, has long been renowned as a precursor for the formation of nucleobases. DAMN which can be formed directly from HCN through the more reactive aminomalononitrile (trimer), 11 yields 4-aminoimidazole-5-carbonitrile (AICN) in photochemical reactions. 12 These studies suggested the following sequence of steps:
HCN → DAMN → AICN → adenine (Scheme 1). 13 The emphasis is on the use of HCN as a precursor for the nucleobases because this is relevant for the extraterrestrial formation of the nucleobases. Boulanger et al. 14 reported on the mechanism for the conversion of DAMN → AICN portion of the energy surface involving the carbenes and diradicals with relatively high energy barriers. 14 Also, previous studies on proton-catalyzed mechanisms for the formation of adenine from HCN identified entrance channels with high energy barriers.
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Formamide (FM) which is the hydrolysis product of HCN, has been proposed as a prebiotic precursor of nucleobases because of its stability and high boiling point, and in particular the equilibrium between HCN/H 2 O and FM (Scheme 1). 16 FM has thus been detected in the dense molecular clouds of the interstellar star forming regions. 17 Formamide yields adenine directly following heating, or, by the reaction of its formamidine isomer with AICN.
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Formation of DAMN from FM has been previously suggested, 18 an alternative pathways for nucleobases generation from both FM and DAMN have been also investigated. 16, 19 Accordingly, there is enough evidence that the channels to nucleobases from HCN and FM are interconnected.
Alternative to their extraterrestrial origin, small biomolecules can also be formed under meteoritic impacts on the early Earth's surface. 20 These scenarios have been demonstrated in laboratory simulation studies. Experiments on extraterrestrial-body impact simulations showed that nucleobases can be formed from simple prebiotic molecules. 21, 22 High-power laser was used in these experiments to induce the formation of nucleobases from both DAMN and FM. 23 Formation of adenine, cytosine, uracil, and guanine from DAMN was reported. The experimental conditions for these reactions suggested free radical pathways. Also, DAMN is formed in significant quantities when formamide is heated. 22 They proposed the formation of HCN followed by the formation of HCN-dimer, trimer, and then DAMN is formed. An alternative pathway for the formation of DAMN was also reported from FM through 2-amino-2-hydroxyacetonitrile and 2-amino-2-hydroxy-malononitrile intermediates. 24 These two intermediates were identified by infrared spectra. Recently, Ferus et al. 23 reported a combined experimental and theoretical study on the formation of nucleobases from FM and DAMN. A mechanistic model for the simultaneous formation of pyrimidine and purine bases was suggested. 23 The pathway for the conversion of trisubstitued pyrimidinyl radical to 2,4-diaminopyrimidine (2,4-DAP) was reported at B3LYP/6-311++G(2d,2p) level. The resulting 2,4-DAP was suggested as a precursor for the pyrimidine bases. They showed that the pathway is highly exothermic.
Formation of both cytosine and uracil requires a source of oxygen. The authors proposed •OH as the source of oxygen for the formation of the pyrimidines (Scheme 1).
We recently reported the free radical pathways for the nucleobases production from small molecules such as FM. [25] [26] [27] [28] [29] All these pathways proceed through relatively low-energy barriers.
The radical pathways starting from HCN are not known yet. Therefore we set out in the present study to investigate the HCN pathways yielding first the DAMN, and then the adenine, purine, cytosine, and uracil. The strategy of the proposed mechanisms is to identify known and unknown intermediates that are relevant in the DAMN pathways. We find that not only does a unified mechanism emerge from the formation of RNA and DNA nucleobases but the pathways reveal a number of precursors pertinent to HCN transformations. The results reported in this paper suggest that free radical mechanisms are feasible in these transformations. Scheme 1 shows the distinct pathways for FM and DAMN toward the nucleobases production. In particular, we focus on the DAMN channels as well as the feasibility of identifying the interconnections with the FM pathways as displayed in Scheme 1.
Computational Methods
All standard electronic structure calculations using density functional theory (DFT) are carried out with the aid of the Gaussian 09 suite of programs. 30 The popular hybrid B3LYP functional, 31, 32 in conjunction with the 6-311G(d,p) basis set, is used for all calculations. 
Results and Discussion
The RNA and DNA bases adenine, cytosine, and uracil were found to be formed when DAMN was irradiated with high-power laser leading to very high temperatures conditions. 19 Free radicals such as •NH 2 and •CN are formed under these conditions. These small radicals are used to initiate the reactions and are also regenerated along the pathways. The free radical mechanisms for the formation of the nucleobases are proposed for reactions taking place under high temperature conditions, though there are alternative pathways leading to related products.
Herein, DFT data is presented suggesting a common pathway for the formation of both purines and pyrimidines from DAMN. The first part of the discussion focuses on the formation of known precursors. These precursors have been previously proposed for the formation of the nucleobases Scheme 1 shows the imidazole-derivative radical precursor 1 formed from FM to give purines. Formation of this derivative from DAMN will provide with an important route that unifies the pathways from DAMN to the pathways from FM (Scheme 1). The structure of 7 has a carbon framework that is needed for the generation of this amino-imidazole derivative. We therefore explore the possibility of forming the imidazole derivative 11 from DAMN (Scheme 2).
The hydrogen abstraction process 7 → 8 proceeds with an energy barrier of 27.6 kcal/mol ( Figure 2) . Again, the HCN elimination in initiated by the addition of a H radical to the triple bond CN group 8 → 9, followed by a HCN elimination 9 → 10. Both steps proceed again through relatively small energy barriers (Figure 2) . Elimination of •H from 10 leads to the amino-imidazole derivative 11. By a simple hydrogen abstraction, 11 gives rise to the aminoimidazole radical 1 shown in Scheme 1. We have recently reported on the formation of purines from this amino-imidazole radical 1, 25, 27 and will therefore not further comment on. By unifying the DAMN mechanisms with the FM mechanism, it implies that the formation of purines from FM should be enhanced in the presence of DAMN. Indeed, Barks et al. 18 reported an increase in the yield of purines in FM reactions when DAMN is added at the beginning of the reaction. 18 For convenience, the pathways depicted in Scheme 1 involving DAMN are named as the HCN pathways because DAMN is a tetramer of HCN.
Formation of Adenine and Purine
Since 1960s, DAMN has consistently been proposed to give adenine through AICN. 12 However, recently reported mechanisms for formation of purines from AICN proceed through high energy barriers. 36, 37, 41 We report in the present paper the free radical pathways from DAMN → AICN → purines that actually proceed through relatively low energy barriers ( without the need of a catalyst. These free radical pathways for the formation of purine bases involve small molecules such as HCN and NH and can take place in an extraterrestrial environment.
Formation of Cytosine 36
In this section, we report on the pathways yielding the pyrimidine bases, cytosine and uracil, from DAMN. Again, these mechanisms, as shown in Scheme 4, require the addition of one HCN molecule at an early step of the mechanism 22 → 23, which is regenerated in a subsequent step 30 → 31. In other words, these mechanisms fall again strictly in the HCN pathway. The source for the oxygen in the pyrimidines comes from the radical •OH as previously suggested. 19 In our initial attempts, we notice that it is rather easy to introduce an •OH before the cyclization step. Therefore, this OH group of the pyrimidine is added to the carbon framework at an early entrance channel.
The first entrance channel of the mechanism is a highly endothermic addition of (Table 1) . Again, the cyclization to form the pyrimidine ring is associated with a small energy barrier ( Figure 4 ). This is followed a hydrogen abstraction to give the neutral species 27. This step thus completes the formation of the pyrimidine ring for both cytosine and uracil bases.
The neutral species 27 has all the elements needed for cytosine. As a consequence, the remaining steps mainly involve hydrogen additions and abstractions with the regeneration of one HCN molecule that was used at the early stage of this sequence of steps (Scheme 5). The first steps 27 → 28 → 29 induce formation of the NH 2 group of the cytosine. Next, it is necessary to eliminate a CN group from 29. As stated earlier, the strategy adapted for this elimination is an 
Formation of Uracil 41
The RNA base uracil is formed from the same HCN pathway as cytosine. Scheme 7 shows a second path to 45 through 43b. This path was evaluated because it predicts the formation of NC-CN (43b, dimer of CN) in two steps; the formation of this dimer has been previously proposed. 43 Also, the structure of this dimer has been studied by DFT. 44 The first step is the addition of •CN to HCN that is followed by the elimination of •H. The energy released from the first step (∆E = -43.1 kcal/mol, Figure 7 ) is available to overcome the energy barrier (∆E ± = 34. 
Prebiotic Implications and Conclusions
In summary, we have described the pathways for the formation of the nucleobases from Finally, the focus of this study has been on pathways that may take place under meteoritic impact events that generate high temperature. As expected, the hydrogen abstractions have ∆ ∓ relatively higher than ∆ ∓ (Table 1) 
